The chlorophenol degradation pathway in Sphingobium chlorophenolicum is initiated by the pcpB gene product, pentachlorophenol-4-monooxygenase. The distribution of the gene was studied in a phylogenetically diverse group of polychlorophenol-degrading bacteria isolated from contaminated groundwater in Kärkölä, Finland. All the sphingomonads isolated were shown to share pcpB gene homologs with 98.9 to 100% sequence identity. 
Introduction of new xenobiotic chemicals forces microorganisms to develop metabolic pathways in order to exploit new carbon sources and to detoxify toxic compounds. Understanding this evolution is crucial for the successful implementation of bioremediation. Polychlorinated phenols (trichlorophenol [TCP] , tetrachlorophenol [TeCP] , and pentachlorophenol [PCP] ) have been widely used in agriculture and in the timber industry as preservatives against rot and bluestaining of wood since the 1920s. Chlorophenols, particularly those with one or two chlorines, are produced naturally by certain fungi and insects (9) , but no evidence of biological sources of PCP has been reported so far. It has been suggested, therefore, that the PCP degradation pathway has been assembled during the past few decades since the anthropogenic introduction of PCP into the environment (5) .
The complete degradation pathway and the key enzymes for microbial degradation of PCP are known in detail only in Sphingomonas chlorophenolica (14, 25, 26, 40, 42) . The genus Sphingomonas has recently been divided into four genera: Sphingomonas, Sphingobium, Novosphingobium, and Sphingopyxis (34) , and Sphingomonas chlorophenolica has been reclassified as Sphingobium. In this study, we refer to these four Sphingomonas-derived genera together and to their close relatives Rhizomonas, Blastomonas, and Erythromonas as sphingomonads. The rate-limiting step for PCP degradation in Sphingobium chlorophenolicum is the parahydroxylation of PCP to tetrachlorohydroquinone (20) . This step is catalyzed by the enzyme PCP-4-monooxygenase, encoded by the pcpB gene (26) . In addition to PCP, the PCP-4-monooxygenase enzyme can use TCP, TeCP, and many other halogenated phenols as a substrate (41) .
Sequence analysis of homologous genes from sphingomonads and other organisms should reveal the evolution of the pcpB gene. Identical pcpB gene sequences have been found in the three of the four known strains of S. chlorophenolicum (ATCC 39723, SR3, and RA2) isolated from chlorophenolcontaminated sites in different regions of the United States (6) . A pcpB gene of the fourth S. chlorophenolicum strain (ATCC 33790) differed by 10% from these sequences in a way that did not support the phylogeny drawn from the 16S ribosomal DNA (rDNA) sequences (6) . The third variant of the pcpB gene was sequenced from a chlorophenol-and nitrophenol-degrading soil isolate, "Sphingomonas" sp. strain UG30 (3, 15, 16) . The sequence similarity between the UG30 and ATCC 39723 pcpB genes was 90% and between the UG30 and ATCC 33790 pcpB genes was 89%. Interestingly, a pcpB gene homolog highly similar (over 98% similarity) to that of S. chlorophenolicum ATCC 39723 has been sequenced from two nondegrading ␤-and ␥-proteobacterial strains isolated from soil samples from a PCP-contaminated wood treatment site (33) .
The metabolism of polychlorinated phenols has been thought to be a feature supported by a few bacterial genera (11) . However, a previous study on the microbiology of groundwater contaminated over a long period in Kärkölä, Finland, revealed that the ability to degrade polychlorophenols was widely distributed among ␣-, ␤-and ␥-proteobacteria, the Cytophaga/Flexibacter/Bacteroides group, and gram-positive bacteria (18) . The isolates degraded 2,3,4,6-TeCP and 2,4,6-TCP, and some of them also degraded PCP (18) . Several chlorophenol-degrading Novosphingobium strains have also been isolated from fluidized-bed bioreactors treating the Kärkölä groundwater (29, 37) . Novosphingobium sp. strain MT1 was shown to carry a pcpB gene homolog (37) . In the present study, our aim was to assess the role of horizontal gene transfer in the evolution of polychlorophenol-degrading strains in Kärkölä. In addition, a number of other strains were studied to analyze the overall distribution of the pcpB gene. Surprisingly, highly identical pcpB alleles were determined in all the chlorophenoldegrading sphingomonads, suggesting a recent transfer of this gene in situ in the Kärkölä source. However, the pcpB gene transfer was not detected in other bacterial groups.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used for the phylogenetic study are presented in Table 1 . In addition, the strains listed below were studied in the dot blot hybridization and PCR analyses.
Polychlorophenol-degrading nonsphingomonads isolated from Kärkölä groundwater inside the contaminated plume (18) follow: ␣-proteobacterial isolates K13 and K31; ␤-proteobacterial isolates K1, K8, and K33; ␥-proteobacterial isolates K27 and K104; isolates belonging to the Cytophaga/Flexibacter/Bacteroides group (K66 and K112); and gram-positive isolates with high GϩC content (K44 and K103). Classification of these isolates was based on fatty acid analysis and 16S rDNA sequencing (18) .
Other polychlorophenol-degrading strains follow: S. chlorophenolicum RA2 (22, 31) , S. chlorophenolicum SR3 (22, 32) , Novosphingobium subarcticum NKF1 (23, 29) , N. subarcticum KF3 (23, 29) , and Mycobacterium chlorophenolicum DSM 43826 T (10) . Sphingomonads (nondegraders) isolated from the Kärkölä groundwater outside the plume (19) follow: isolates K203, K210, K213, K222, K228, K230, and K232. These isolates were identified as sphingomonads using fatty acid analysis (19 Bacterial cultivation and DNA extraction. Bacterial strains were cultivated to the stationary phase in peptone-yeast-glucose medium (0.25 mg of glucose/liter, 0.25 mg of yeast extract/liter, and 0.25 mg of peptone/liter) or in the appropriate growth medium recommended by DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany). The cells were crushed by bead milling, and the DNA was purified with phenol-chloroform extractions and isopropanol precipitation, as previously described (18) . For dot blot DNA hybridization analysis, the amount of DNA was measured fluorometrically (Fluoroskan; Labsystems, Helsinki, Finland) using Hoechst Dye H33258 (Sigma) as recommended by the manufacturer of the fluorometer. For the other experiments, the amount of DNA was measured spectrophotometrically (GeneQuant; Bio-Rad Laboratories, Hercules, Calif.).
DNA hybridization analyses. For the dot blot analysis, 250 ng of purified DNA was heated at 95°C for 10 min and transferred with a dot blot apparatus (Schleicher & Schull, Dessel, Germany) onto a Qiabrane Nylon Plus membrane (Qiagen GmbH, Hilden, Germany). For Southern blot analysis, 1 or 2 g of total EcoRI-digested DNA was electrophoresed on a 1% agarose gel and transferred overnight using an alkaline transfer procedure (4) onto the Qiabrane Nylon Plus membrane. Preparation of the probes, hybridization, and chemiluminescence disodium-3-phenylphosphate detection of the signal were performed with a digoxigenin DNA labeling and detection kit according to the manufacturer's instructions (Boehringer Mannheim, Mannheim, Germany). The doublestranded DNA probe pcpB-5 specific for the PCP-4-monooxygenase gene was generated by PCR using primers that amplified the region corresponding to nucleotides 444 to 616 from the beginning of the reading frame of the pcpB gene (EMBL accession no. M98557). The pcpB template, plasmid pCCL3 (26), was kindly provided by R. Crawford (University of Idaho, Moscow). Overnight hybridization was performed at 65°C for the dot blot hybridizations and 63.5°C for the Southern blot hybridizations.
PCR, sequencing, and phylogenetic analysis. A fragment of about 700 bp of the pcpB gene was amplified using the degenerate primer pair pcpB-G and pcpB-D2 ( Table 2 ). The product was cloned and sequenced from strains K6, K16, K39, K49, K74, K101, and N. subarcticum KF1
T . The partial sequence of the Novosphingobium sp. strain MT1 pcpB gene (37) (EMBL accession no. AJ319678) was extended to full length by cloning the first and last parts of the gene by an inverse PCR method (24) . Briefly, genomic DNA was digested with the restriction enzyme PstI and the digestion was subsequently self ligated. The PCR amplification of the self-ligated PstI fragments was facilitated using the MT1 pcpB-specific primer pairs pcpB-D3 and pcpB-E2 and pcpB-D3 and pcpB-E3. Finally, the full-length MT1 pcpB gene was amplified using primers pcpB-F1 and pcpB-F2 designed according to the sequence data yielded from the cloned fragments of the previous steps. Partial 16S rDNA sequences (ϳ440 bp) previously obtained for the strains K6, K16, K39, K40, and K101 (18) were extended to near-completion by cloning and sequencing PCR-amplified fragments (fragments corresponding to E. coli numbering [2] positions 319 to 1058 and 968 to 1541). DynaZyme F501-L polymerase and the PCR protocol previously described (18) were used in all the PCRs except sequencing. For the sequencing, PCR products were extracted from agarose gel using Ultrafree-DA columns (Millipore, Bedford, Mass.), ligated to the pGEM-T vector (Promega, Madison, Wis.), transformed into E. coli JM109 cells, and analyzed by bidirectional sequencing using the LI-COR DNA4200 sequencer (LI-COR, Lincoln, Nebr.) with vector primers T7 and SP6. Sequences were aligned, and neighbor-joining trees were constructed using ClustalX, version 1.7 (36) , and the tree was displayed using the Treeview program (27) . Amino acid sequences were predicted and aligned using the DNAman program package (Lynnon Biosoft, Vaudreuil, Quebec, Canada). Nucleic acid and amino acid sequence identity values were analyzed using the programs BLAST and GAP in the GCG program package (Genetic Computer Group, Madison, Wis.). Immunoblot analysis. Production of PCP-4-monooxygenase was induced in cells grown at room temperature (22 Ϯ 1°C) for 4 days in peptone-yeast-glucose medium in a rotary shaker (125 rpm/min). 2,3,4,6-TeCP was added to the culture mixture to obtain a final concentration of 10 mg/liter, and incubation was continued for 16 h. Boiled bacterial suspensions were assayed by conventional sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis, and the proteins were transferred onto a nitrocellulose filter using a Mini-Protean II apparatus (Bio-Rad). The membranes were then blocked by incubation at room temperature in 5% dry skimmed milk in phosphate-buffered saline containing 0.1% Tween 20 for 1 h. After washing, the blots were incubated with 0.1 g of affinity-purified polyclonal rabbit anti-PCP-4-monooxygenase/ml (38) . The secondary antibody incubation was performed with goat anti-mouse immunoglobulin G horseradish peroxidase conjugate (Bio-Rad) (1:3,000 dilution). Three washes with phosphate-buffered saline containing 0.1% Tween 20 were performed between the incubations. Chemiluminescence detection was performed using SuperSignal substrate (Pierce, Rockford, Ill.).
Nucleotide sequence accession numbers. The new pcpB gene sequences obtained for the first time in this study were deposited in the EMBL database under accession numbers AJ437483 to AJ43789. Fig. 1 ) and PCR were performed to reveal the existence of the pcpB gene homologs in sphingomonads and other bacteria. All the bacteria mentioned in Materials and Methods and Table 1 were included in the analyses except "Sphingomonas" sp. strain UG30 and Novosphingobium sp. strain MT1, which were not available for us at the time of these analyses. The only pcpB-positive strains in these two tests were the four S. chlorophenolicum strains (ATCC 39723, ATCC 33790 T , RA2, and SR3) isolated from chlorophenol-contaminated sites in the United States; the N. subarcticum strains KF1
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T , KF3, and NKF1, isolated from bioreactors treating the Kärkölä groundwater; and the six polychlorophenol-degrading sphingomonads K6, K16, K39, K40, K74, and K101, isolated from Kärkölä inside the chlorophenol plume. All the strains that were negative in the dot blot assay were also negative in the PCR analysis (data not shown). Selection of the pcpB-positive strains (Fig. 2) and Novosphingobium sp. strain MT1 were assayed using Southern blot hybridization analysis of EcoRI-digested genomic DNA. All the four S. chlorophenolicum strains are known to have the pcpB gene in 3.0-kb EcoRI loci (6), as was again shown here by strain ATCC 39723. No genetic or phenotypic difference between N. subarcticum strains KF1
T , KF3, and NKF1 has been shown (23), and therefore the analysis was done only for the type strain of this species. All the pcpB-positive K strains (K6, K16, K39, K40, K74, and K101), N. subarcticum KF1 T , and Novosphingobium sp. strain MT1 shared a common hybridizing EcoRI fragment, approximately 2.5 kb in length (Fig. 2) . Additionally, strain K6 had a hybridizing EcoRI fragment of about 1.9 kb.
The strains shown in Table 1 were subject for the phylogenetic analysis of 16S rRNA gene and the pcpB gene. Figure 3A and B show phylogenetic trees based on the nucleotide se- quences of the 1,369-bp aligned positions of the 16S rRNA gene and 625-bp aligned positions of the pcpB gene. The analysis revealed that the sphingomonads isolated from the Kärkölä groundwater were phylogenetically distinct from each other. In contrast to their positions in the 16S rDNA tree, the strains shared pcpB gene homologs that were highly identical, showing 98.9 to 100% sequence identity within the aligned positions. However, the Kärkölä pcpB allele was different from the three previous alleles of pcpB homologs sequenced from S. chlorophenolicum strains and "Sphingomonas" sp. strain UG30, as shown in Fig. 3B . The Kärkölä pcpB alleles showed great similarity (from 97 to 100% identity) with several environmental pcpB clones from chlorophenol-enriched soil reactors in Canada (1), although it was not known from which organisms these sequences were derived. The expression of pcpB gene homologs was confirmed by immunoblot analysis with a polyclonal antibody that was raised using recombinant PCP-4-monooxygenase as an immunogen (38) . Following induction by 2,3,4,6-TeCP, a distinct band corresponding to the size of PCP-4-monooxygenase (60 kDa) of S. chlorophenolicum ATCC 39723 was visible in the Kärkölä sphingomonads (strains ATCC 39723, K6, K16, K39, K40, K74, K101, and KF1
T were tested). Another, approximately 52-kDa band cross-reacted in N. subarcticum KF1 T , as shown in Fig. 4 .
No band was detected with uninduced bacteria. The results demonstrate that the pcpB genes, which were found in strains isolated from Kärkölä, were functional and that their expression was regulated by chlorophenols. The full-length pcpB gene was sequenced from Novosphingobium sp. strain MT1. The predicted open reading frame of the gene consisted of 1,632 nucleotides, and the deduced amino acid sequence was 543 amino acids long with a predicted molecular mass of 60.2 kDa. The full-length gene had 68.2 to 70.0% sequence identity with the pcpB gene sequences from the S. chlorophenolicum ATCC 39723, ATCC 33790, and "Sphingomonas" sp. strain UG30 strains and 69.1 to 70.3% amino acid sequence identity with the corresponding gene products. p-Hydroxybenzoate hydroxylase has been used as a model by which the structure and function of phenolic monooxygenases have been explained (8) . The sequence alignments of the deduced amino acid sequences of p-hydroxybenzoate hydroxylase and PCP-4-monooxygenases revealed two highly conserved domains that have been shown to be involved in binding flavin adenine dinucleotide in p-hydroxybenzoate hydroxylase. The first motif, GlyXGlyXXGly, is located in the NH 2 -terminal portion of these proteins, and the second domain is located around residue 300 of PCP-4-monooxygenases (sites shown in Fig. 5 ).
DISCUSSION
Horizontal gene transfer has been considered a principal source of bacterial evolution (13) . Potential for the gene transfer can be studied using in vitro experiments, and deductive evidence for gene exchange can be obtained from comparative analyses of nucleotide sequences, codon usage, and enzyme patterns (17) . This study suggests deductively that a recent horizontal gene transfer has facilitated chlorophenol degradation among various sphingomonads in the Kärkölä groundwater site. The phylogenetic trees that were based on the 16S rDNA and pcpB gene sequences of the eight Kärkölä strains were incongruous. Similar evidence of natural horizontal transfer of degradative genes has previously been obtained, e.g., in the studies on naphthalene degraders (12) and 2,4-dichloro- phenoxyacetic acid degraders (21) . However, this is first evidence of the role of horizontal gene transfer in the evolution of polychlorophenol degraders. Worldwide, four functional pcpB variants are presently known serving in the same role in sphingomonads. The Kärkölä type of pcpB gene is not totally new, since it shows great similarity to the environmental clones sequenced by Beaulieu et al. (1) . The sequence data are supported by the results from the hybridization analysis. All the Kärkölä sphingomonads shared a common hybridizing EcoRI band that was 2.5 kb in length, showing conservation of the regions also outside the pcpB gene in these strains.
A large number of other sphingomonads, chlorophenol degraders, and nondegrading control strains were investigated in this study to analyze the distribution of the pcpB gene in various groups of organisms. On the basis of the hybridization and PCR results, the pcpB gene was detected only in chlorophenol-degrading sphingomonads and not in the other bacteria. It seems that a taxonomic barrier has restricted the gene transfer in Kärkölä, since the pcpB gene homolog was not present among the 11 polychlorophenol-degrading nonsphingomonads isolated from the groundwater inside the plume. These strains were selected on a phylogenetic basis to include representative bacteria from ␣-, ␤-, and ␥-proteobacteria, bacteria from the Cytophaga/Flexibacter/Bacteroides group, and gram-positive bacteria with high GϩC content (18) . Long-term persistence of horizontally transferred genes is likelier if the genes confer a selective advantage on the recipient organisms (13) . It has been suggested that the PCP degradation pathway needs enzymes recruited from two separate catabolic pathways (5). Saboo and Gealt (33) observed pcpB gene sequences in ␤-and ␥-proteobacterial strains, but this property did not lead to the ability to degrade chlorophenols in these organisms. Therefore, in the nonsphingomonads the reason for the "lack" of the observed horizontal transfer may also be a consequence of the lack of the second pathway needed to supply a complete metabolism that could support gene fixation.
The success of chlorophenol attenuation and bioremedia- FIG. 5 . Alignment of the predicted amino acid sequences for the S. chlorophenolicum ATCC 39723 (EMBL accession no. M98557) and Novosphingobium sp. strain MT1 (AJ319678) pcpB homologs. The amino acids that are located in the flavin adenine dinucleotide-binding domains and conserved in these two sequences and hydroxybenzoate p-hydroxylase are underlined.
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HORIZONTAL TRANSFER OF THE pcpB GENE 4499 tion processes in different locations is dependent on the adaptability of the bacteria. In Kärkölä, chlorophenol contamination has been ongoing at least for 25 years since the surrounding sawmill was destructed by fire in 1976. This and other studies (18, 19) on the Kärkölä microbiota have revealed a high diversity in chlorophenol-degrading sphingomonads and other bacteria indicating bacterial adaptation to chlorophenols. The negative hybridization results obtained from the sphingomonads isolated outside the Kärkölä plume support the hypothesis that the ability to degrade polychlorophenols was not initially present in them but arose relatively recently through horizontal gene transfer. As an oligotrophic environment with chlorophenols as the primary carbon source (37), the selective pressure in the Kärkölä groundwater may have been especially favorable for gene selection, transfer, and proliferation. However, the low oxygen concentration of the groundwater seems to be the reason for delayed chlorophenol attenuation (30) . So far it is not known which is the mechanism that has enabled the horizontal transfer of the pcpB gene in Kärkölä sphingomonads. Natural gene transfer among bacteria can occur via plasmids, chromosomal gene mobilization, transduction, transformation, and transposition (39) . Many pathways for the degradation of xenobiotic compounds are encoded by plasmids, and involvement of a plasmid in the degradation of pentachlorophenol by a Pseudomonas sp. has recently been suggested (35) . However, the pcpB gene was not found to be part of an extensive operon or to be present on the 100-kb endogeneous plasmid of S. chlorophenolicum ATCC 39723 (25) , and despite several trials, we did not find catabolic plasmids in the Kärkölä sphingomonads either (unpublished observations). Furthermore, an interesting question raising from the results of this study follows: what is the original host organism of the mobile element carrying the pcpB gene in the uncontaminated environment? This question remains to be studied in the future.
